Purpose: Study objectives included evaluating the safety, tolerability, pharmacokinetics (PK), pharmacodynamics (PD), and antitumor activity of VX15/2503 in advanced solid tumor patients.
Introduction
The tumor microenvironment (TME), comprised of interactions between proliferating neoplastic cells and stromal components, including endothelial cells, leukocytes, fibroblasts, and extracellular matrix (ECM) proteins, is critical for tumor growth (1, 2). The antitumorigenic effects of the immune system, promoted by infiltrating Th1 and cytotoxic T lymphoctyes, is often inhibited due to restricted entry of effectors into the TME (3) . Recently developed immunotherapies that target regulatory pathways of these effectors have demonstrated durable clinical responses; examples include ipilimumab, an antibody targeting the CTLA-4/B7 pathway, and pembrolizumab and nivolumab, antibodies targeting the PD1/PDL1 pathway, which modulates T-cell activity (4) . The combination of such immunotherapies or other immunomodulatory agents with a complementary therapy allowing increased infiltration of immune effectors into the TME may significantly increase response rates.
VX15/2503 is a humanized IgG4 mAb that binds specifically to semaphorin 4D (SEMA4D; CD100), which is widely expressed on leukocytes infiltrating into the tumor stroma as well as on many tumors, and regulates the inflammatory milieu within the TME (5, 6) . Originally defined as an axonal-guidance factor, SEMA4D is a member of the semaphorin family of proteins that play important roles in physiologic processes affecting tumor progression, immune cell regulation, and vascular growth (5, 7, 8) . Activation of PLEXIN-B1, the high-affinity SEMA4D receptor, induces tumor cell proliferation and migration, and activation and migration of endothelial cells (9) (10) (11) . Stimulation of two other known SEMA4D receptors, PLEXIN B-2 (intermediate affinity; expressed on keratinocytes and other cells) and CD72 (lowaffinity; expressed in lymphoid tissue), appears to be involved in epithelial wound repair (12) and regulation of B-cell responses (13) , respectively. SEMA4D has both a cellular, membrane-bound form (cSE-MA4D) and a biologically active soluble ligand (sSEMA4D) generated by cleavage of the cellular form (13) . Immunohistochemical analysis of SEMA4D demonstrated that both the cellular and soluble forms are overexpressed on several tumor types, including breast, pancreatic, colon, ovarian, urogenital, and head, and neck (14) , with overexpression correlating with poor prognosis in sarcomas and pancreatic cancer (6, 15, 16) .
In vitro, VX15/2503 neutralized both cellular and soluble forms of SEMA4D and blocked its binding to its receptors. In murine tumor models, the murine anti-SEMA4D progenitor of VX15/ 2503, MAb 67-2, reduced the growth of syngeneic tumors, resulting in responses that were durable and promoted immunologic memory (17) . Furthermore, these studies demonstrated that MAb 67-2 neutralized tumor-expressed SEMA4D, shifted the balance of M1 and M2 macrophage toward a proinflammatory, antitumorigenic M1 response, and increased the recruitment and activation of cytotoxic T lymphocytes into the tumor (17) ; the observed correlation between immune cell levels and progression-free survival (PFS) in the present is consistent with these immunemediated mechanisms. Nonclinical toxicology studies of VX15/ 2503 performed in rats and cynomolgus macaques demonstrated that the antibody produced no toxicities of clinical consequence, was not immunosuppressive, and that its half-life increased with dose level (18, 19) . The phase I study reported here is a first-inhuman, open-label, multiple-dose, dose-escalation study that evaluated the safety, tolerability, PK, and PD of VX15/2503 in patients with refractory solid tumors.
Materials and Methods

Study drug
VX15/2503 is a humanized IgG4 mAb generated from the murine anti-SEMA4D antibody MAb 67-2 (18); it contains a hinge mutation to prevent in vivo Fab arm recombination (20) . VX15/2503 was produced in culture using a proprietary CHO cell line constructed as previously described (18) . The sequences of the inserted retrovector protein coding regions were verified by analysis, and the production cells were tested according to Good Manufacturing Practice guidelines. The expressed antibody was purified using standard techniques and formulated at approximately 20 mg/mL in a sodium acetate buffer, pH 5.4. The vialed antibody was stable for >36 months when stored at 5 AE 3 C (18).
Study design
This phase I study was a two-center, nonrandomized, openlabel, multiple-dose, dose-escalation, and dose-expansion study of VX15/2503 in adult patients with advanced solid tumors, relapsed or refractory to standard treatment, for which no curative therapy was available. The primary objectives were to evaluate the safety and tolerability of VX15/2503 (including the MTD); secondary and exploratory objectives included assessments of immunogenicity, pharmacokinetics (PK), pharmacodynamics (PD), antitumor activity, and serum biomarker levels. VX15/2503 was administered intravenously, weekly (i.e., days 1, 8, 15, and 22) on a 28-day cycle. Seven dose levels were evaluated: 0.3, 1, 3, 6, 9, 15, and 20 mg/kg. The starting dose of 0.3 mg/kg was derived by determining the human equivalent dose from the rat (most sensitive species) no observed adverse effect level (100 mg/kg; ref. 18 ) and then applying a cumulative safety factor of 100. Dose escalation proceeded using a standard 3þ3 scheme with the stipulation that patients in the enrolled population must have completed at least 1 cycle of treatment. The MTD was defined as the highest dose level with dose-limiting toxicities (DLT) in <33% of the patients in the cohort. A 20 mg/kg expansion cohort was planned if no MTD was reached during dose escalation.
The study initially enrolled subjects under a sentinel dose strategy. The first 7 patients (all patients in cohort 1 and the first 3 in cohort 2) were treated with an initial dose on day 14 and followed for 14 days; the patients then advanced to weekly dosing on day 1. As no safety signals were observed, this regimen was eliminated by protocol amendment commencing with patient 8 (cohort 2).
Delays in patient treatment in cycle 1 due to toxicity were allowed at the discretion of the Investigator and Sponsor. The patient was allowed to continue treatment at the next lower dose level after the toxicity recovered to baseline or grade 1. No intrapatient dose escalation was allowed.
Following completion of cycle 1, patients who did not experience a DLT, had stable disease and continued to meet all eligibility criteria could receive additional cycles of VX15/2503 at the same dose level, at the discretion of the Investigator and Sponsor. Additional cycles were repeated without interruption, except as necessary for hematologic or nonhematologic toxicity due to any reason (up to 14 days), or until disease progression or other unacceptable toxicity occurred.
Institutional Review Board approvals for the study protocol, amendments, and informed consent documents were obtained prior to study initiation; study procedures were conducted in accordance with the Declaration of Helsinki. The ClinicalTrials. gov identifier was NCT01313065.
Inclusion criteria
Men and women !18 years old with histologically or cytologically confirmed advanced solid tumors, relapsed or refractory to standard treatment, and who demonstrated progressive disease prior to entry were eligible if they had the following: measureable disease as defined by RECIST 1.1: a life expectancy of !3 months
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per Investigator assessment; an Eastern Cooperative Oncology Group (ECOG) performance status of 2; and adequate renal and hepatic function. Patients of reproductive potential must have been willing to use a medically acceptable method of contraception throughout the study period and for at least 4 weeks after the last dose of VX15/2503. Patients in the expansion cohort (20 mg/kg) additionally must have had one of the following characteristics: a diagnosis of a pancreatic neuroendocrine tumor or soft-tissue sarcoma, bone metastasis, or an advanced solid tumor with a T-cell count !1,500 cells/mL or a B-cell count !250 cells/mL at screening.
Exclusion criteria
Exclusion criteria included the following: received treatment with antineoplastic agents within 3 weeks of the start of therapy; received treatment with an investigational agent, hematopoietic growth factor support, or oral or parenteral corticosteroids at >10 mg/day of prednisolone or equivalent within 4 weeks of the start of therapy; was on concurrent antineoplastic therapy with the exception of continuing luteinizing hormone-releasing hormone agonist/antagonist therapy for patients with castrate-resistant prostate cancer; required systemic immunosuppressive therapy; had untreated brain metastases, central nervous system tumor involvement, a previous diagnosis of autoimmune disease, an infection requiring parenteral antibiotic therapy or causing fever within 1 week of the start of therapy; a hepatitis B or C or human immunodeficiency virus (HIV) infection; clinically significant cardiac disease; sensitivity to VX15/2503 or the ingredients or excipients of VX15/2503; or other intercurrent illness or condition, including alcohol or drug abuse, which could impact the patient's compliance with or ability to complete the study. Women may not have been breastfeeding or pregnant and must have had a negative pregnancy test within 3 days of the start of therapy.
Safety assessments
Safety evaluations were performed throughout the study for all patients who received VX15/2503 (Safety Population). Evaluations included periodic physical examination as well as vital sign measurements, clinical laboratory testing [hematology, prothrombin time (PT), activated partial thromboplastin time (aPTT), international normalized ratio (INR), serum chemistry, and complete urinalysis], and monitoring for adverse events. Cycle 1 assessments were generally performed at each weekly infusion, with adverse event monitoring also conducted between days 1 and 8; 12-lead electrocardiograms (ECG) were performed less frequently. Assessments conducted for cycle 2 and beyond were performed on the day of infusion.
The detection of human anti-VX15/2503 antibodies (HAHA) in sera was performed using a validated ELISA based on the method published by Bourdage and colleagues (21); assays were performed by Covance Laboratories. Blood samples were collected at predose on days 1 and 15 of all cycles (and at day -14 for the sentinel patients only), at end of treatment (EOT), and on days 8 and 28 during follow-up. High-titer responses were defined empirically as those serum samples requiring dilution of 1:100 or greater.
Samples for immunophenotypic analysis of T cells (total, helper, or cytotoxic), B cells, and natural killer (NK) cells were also collected on day 1 (predose, 4 hours after the start of the infusion, and 24 hours after the start of the infusion), days 8, 15, and 22 of cycle 1; predose on day 1 of subsequent cycles; the EOT; and follow-up days 15 and 28. Cell levels were measured by flow cytometric analysis (Covance Laboratories) using Multitest TBNK reagents [Becton Dickinson (BD)].
Adverse events and definition of dose-limiting toxicity
All adverse events were recorded and designated a grade according to the Common Terminology Criteria for Adverse Events (CTCAE), version 4.03; events were classified as unrelated or possibly, probably, or definitely related to treatment. DLTs were defined as any !grade 3 hematologic, nonhematologic, or laboratory toxicity that was not definitely related to the underlying disease reported during cycle 1.
Pharmacokinetics
All patients who received at least one dose of VX15/2503 and who provided at least one end-of-infusion (EOI) and postinfusion blood sample were evaluated for PK. In cycle 1, for the first and last infusions (days 1 and 22, or days -14 and 22 for the sentinel patients only), samples were collected before dose and the following times after the start of infusion: 1 hour, EOI, and 4, 8, 24, 48, and 96 hours; samples were also collected at 168 and 240 hours for cohort 1 and 2 patients, respectively. For study days 8 and 15 in cycle 1 and dosing days in subsequent cycles, blood samples were collected at predose and EOI. Additional samples were to be collected at the EOT visit and on days 8, 15, and 28 post-EOT. A validated ELISA was used to measure VX15/2503 serum concentrations (cf Supplementary Materials and Methods).
The serum concentration-time data for VX15/2503 were analyzed by noncompartmental analysis using WinNonlin software (Pharsight Corporation). Standard descriptive statistics were used to summarize serum VX15/2503 concentration data; standard PK parameters (C max , C L , T max , and effective half-life, etc.) were determined by cohort and time point. Analyses of AUC and C max to assess dose proportionality were performed as previously described (22) .
Pharmacodynamics and biomarkers
PD evaluations were performed on all patients who received at least one dose of VX15/2503 and who provided at least one postinfusion blood sample. Validated assessments included cSE-MA4D saturation and expression levels on circulating T lymphocytes, and serum sSEMA4D levels, as described (18); refer also to Supplementary Materials and Methods. Blood samples were collected before dose and EOI on days 1 and 15 of all cycles (and at day -14 of cycle 1 for sentinel patients only) for cSEMA4D analysis and on the same schedule as PK sample collection (except for no collection on day 3 of cycle 1) for sSEMA4D analysis. Assessment of changes in tumor immunohistology was planned, but acquisition of primary tumor samples was voluntary and none of the enrolled subjects consented for tumor biopsy.
Validated assays to determine serum levels of the soluble growth factors VEGF, HGF, placental growth factor (PLGF), and soluble MET, and the tumor biomarkers chromogranin A (23), bone-specific alkaline phosphatase, and urine N-telopeptide (24) were performed by Covance Laboratories for samples from expansion cohort patients with pancreatic neuroendocrine tumors or bone metastases, respectively. Samples were collected at screening, and for cycle 1 and even-numbered cycles at predose on day 1 (and on day -14 of cycle 1 for the sentinel patients only) and the end of cycle (days 25 to 28), as well as at EOT, and on day 28 during follow-up.
Evaluation of tumor response
CT or MRI was used to assess antitumor activity according to RECIST 1.1; assessments were performed at screening and at the end (days 25 to 28) of every even-numbered cycle during treatment, and at end of treatment. For patients with bone metastases, 18 F-NaF or 18 F-FDG PET scans were also performed. Objective response rate (confirmed complete response, confirmed partial response) and PFS were determined, as was duration of stable disease, defined as the time between the date of first dose of study drug and the earliest of the date of assessment of disease progression, withdrawal from the study, death, or censoring.
The determination of the number of normalized leukocytes and the assessment of correlations with PFS are described in Supplementary Materials and Methods.
Statistical analysis
Demographic, safety, PK, PD, efficacy, and analytical data were summarized using standard methods [i.e., n, mean, geometric mean, SE, SD, coefficient of variation (CV), median, minimum, maximum, 95% confidence interval (CI), and the 25th and 75th percentiles] for continuous variables. Categorical variables were summarized using frequency counts and percentages. Some analyses were performed by cohort and time point; patients in cohorts 7 and 8 were grouped together as both cohorts received 20 mg/kg VX15/2503. Duration of stable disease and PFS was summarized using Kaplan-Meier methods, including quartiles of duration and probability of maintenance of stable disease at selected time points.
Results
Patient demographics and baseline characteristics
A total of 42 patients with advanced refractory solid tumors were enrolled at two study sites from May 17, 2011, to October 10, 2013; the last study visit was on January 7, 2014. Thirty-four patients were enrolled during the dose-escalation phase (cohorts 1 to 7) and 8 during the expansion phase (cohort 8). All patients received at least 1 weekly infusion of the intended dose of VX15/2503: 0.3 mg/kg (N ¼ 4, cohort 1), 1 mg/kg (N ¼ 4, cohort 2), 3 mg/kg (N ¼ 3, cohort 3), 6 mg/kg (N ¼ 4, cohort 4), 9 mg/kg (N ¼ 4, cohort 5), 15 mg/kg (N ¼ 8, cohort 6), and 20 mg/kg (N ¼ 15, cohort 7/8). Study discontinuation was primarily due to disease progression (69.0%). The longest duration on study, including follow-up, was 385 days (breast carcinoma; 15 mg/kg; cohort 6).
Patient demographics and baseline characteristics are summarized in Table 1 and were similar across cohorts. Most enrolled patients were white, female, and had an ECOG status of 1 or 2 at study entry. The most common primary tumor sites were colon (33.3%), breast (11.9%), and pancreas (11.9%); lung (11.9%), liver, and lymph node (7.1%) were the most common sites of metastatic disease. All patients had undergone prior antineoplastic therapy with a mean of 5.2 treatments (range, 1-20); most had prior radiotherapy (61.9%) and surgery (73.8%). The mean time since last treatment with antineoplastic agents was 3.0 months (range, 1-31 months).
Safety and tolerability
VX15/2503 treatment was well tolerated with the highest dose administered being 20 mg/kg; no MTD was determined. No doserelated safety trends regarding incidence or severity were observed.
Twelve deaths, none treatment related, occurred during the study; 7 deaths were due to disease progression and 5 were due to unknown causes. Patients received a mean of 2.9 cycles (range, 1-14 cycles). The median duration of exposure was 73.4 days (range, 1-372 days) with a median number of doses and total dose administered of 8.0 doses (mean: 11; range, 1-54 doses) and 5,411.6 mg (mean: 9,987.7 mg; range, 44.0-64,800 mg), respectively.
Sixty-nine treatment-emergent adverse events (TEAE) were considered possibly, probably, or definitely related to VX15/ 2503; 11 of these reported by 6 patients (14.3%) were definitely related. As summarized in Table 2 , 26 patients experienced treatment-related TEAEs, with the most common being nausea (6/42, 14.3%) and fatigue (5/42, 11.9%). Six patients (14.3%) experienced a TEAE that led to study discontinuation, with malignant neoplasm progression being the only event reported in >1 patient (2/42, 4.8%). All treatment-related events were grade 1 or 2 except a grade 3 g-glutamyltransferase (GGT) elevation which was the sole DLT; it was considered severe and possibly treatment related. This DLT was experienced at week three by a pancreatic cancer patient (cohort 6, 15 mg/kg) with progressive liver metastases. The patient presented with a grade 1 elevation at baseline; treatment was delayed at week 4 due to the DLT, and the patient was discontinued from the study in week 5 (progressive disease). This DLT resulted in enrollment of 5 additional patients into cohort 6; two discontinued in cycle 1 due to disease progression and no subsequent DLTs occurred in the remaining 3 patients. Thus, dose escalation proceeded to cohort 7 (20 mg/kg). A grade 2 infusion-related reaction was experienced by patient 202004 in cohort 2 (1.0 mg/kg) who exhibited increasing HAHA titers from postinfusion 1 through the fourth and final weekly infusion. Although this subject had received prior mAb therapy, no HAHA was evident at baseline. This patient was discontinued because the HAHA response was neutralizing, accelerating VX15/ 2503 clearance, and reducing antibody-mediated PD effects. A high titer response (>1:100 dilution) was observed in 5 other patients (11.9%) and a low-titer response in 18 (42.9%); neutralizing antibodies effects were not observed in these patients. However, 1 of these 23 patients (cohort 6; 15 mg/kg) experienced transient infusion-related reactions during doses 2 and 3 that correlated temporally with the HAHA response. This subject received one additional VX15/2503 infusion at a reduced rate with no infusion-related reaction.
Flow cytometric analyses of lymphocyte levels and lymphocyte subsets, including T cells (total, helper, or cytotoxic), B and NK cells, showed no effects on these various populations following weekly administration of VX15/2503, regardless of dose level.
Pharmacokinetics
PK samples collected after the initial antibody dose for the first 7 patients covered the time period from 0 to 168 or 240 hours, whereas those for all other subjects were collected through 96 hours; day 22 samples for all patients treated with four weekly doses were collected through 96 hours following the fourth dose. Using these data the effective half-life (t 1/2 eff ) values for weekly doses of VX15/2503 administered to subjects at all dose levels ranged from 2.7 to 6.9 days; t 1/2 eff values at the three highest dose levels ranged between 4.3 and 5.2 days.
Following the first administration of VX15/2503, the C max and total exposure (AUC 0-168 ) ranged from 3 mg/mL to 288 mg/mL and 109 mg Ã hr/mL to 26,023 mg Ã hr/mL across escalating dose groups, respectively. Following 4 or 5 weekly doses of antibody, the C max and AUC 0-168 ranged from 3 mg/mL to 411 mg/mL and 131 mg Ã hr/mL to 38,351 mg Ã hr/mL, respectively. The C max and AUC of VX15/2503 increased with dose level as shown in Fig. 1 . Data analyses showed that increases in both C max and AUC were slightly higher than dose proportional as the 95% CI values for the slope terms were slightly greater than one (not shown). The median T max values ranged from 2 to 4 hours across all dose levels. The accumulation ratio values ranged from 1.0 to 2.0. Cmax and AUC increase linearly with VX15/2503 dose level. Cmax (mg/mL) and AUC (ng Ã hr/mL) were plotted as a function of VX15/2503 dose level over the range of 0.3 to 20 mg/kg; a statistical analysis of dose proportionality was performed using the power model (22) . The equation ln (parameter) ¼ a þ b Ã ln (dose) þ error was used to estimate the slope and corresponding 95% CI.
Pharmacodynamics and clinical biomarkers
Expected PD effects associated with the binding of VX15/2503 to cellular and soluble SEMA4D were generally consistent with results from previous in vitro and in vivo studies (18) . Weekly doses of VX15/2503 produced repeated transient cSEMA4D saturation for 2 of 4 patients in the 0.3 mg/kg cohort ( Fig. 2A ; subjects 101001 and 201002); the third subject (101002) exhibited continued maximal saturation. The fourth subject in this cohort (101003) received only two infusions before discontinuing (disease progression). Cellular SEMA4D saturation declined following cessation of treatment and antibody clearance from the periphery; saturation values returned to baseline when VX15/ 2503 serum concentrations fell below the saturation threshold of approximately 0.3 mg/mL (cf Fig. 2A, subjects 101001 and  101002) . Figure 2B shows that administration of doses of !1 mg/kg VX15/2503 produced complete, sustained cSEMA4D saturation after infusion for patients 102004, 202003, and 102005; these cSEMA4D saturation data are representative of patients treated at higher VX15/2503 dose levels. However, patient 202004, who developed a neutralizing HAHA response (cf Safety and Tolerability discussion, above), exhibited declining cSEMA4D saturation values, attesting to the increasing immune response following each infusion. Figure 2C shows that peripheral T-cell cSEMA4D expression declined within 24 hours after first infusion due to internalization of the antibody/receptor complex; data shown are for cohort 2 patients 102004, 202003, 202004, and 102005 treated with 1 mg/kg of VX15/2503. Results at higher VX15/2503 dose levels were similar. A 60% reduction of cSEMA4D expression was generally sustained during treatment intervals of up to 1 year (not shown). Cellular SEMA4D expression remained suppressed until VX15/2503 serum levels declined following cessation of dosing, allowing cSEMA4D levels to return to baseline (not shown). Similar results were observed following a neutralizing anti-VX15/2503 immune response; see cohort 2 patient 202004 (Fig. 2C ) whose cSEMA4D levels rose to baseline.
Levels of total sSEMA4D (free and antibody-complexed ligand) in sera increased with dose level and with infusion number at a given dose level, consistent with the expected increased half-life of the VX15/2503-soluble SEMA4D complex versus that of the free soluble receptor (cf 9.0 mg/kg patients; Supplementary Fig. S1 ). Levels appeared to reach steady state after 8 to 10 weekly doses (patients 105009 and 205011); patients dosed for shorter periods did not reach steady state. Total sSEMA4D levels declined after treatment cessation and antibody clearance ( Supplementary Fig.  S1 ), as illustrated by patients 105009, 205011, and 205012, who received their last dose on days 330, 170, and 50, respectively. These patients' SEMA4D levels were analyzed !20 days after EOT, and data show sSEMA4D levels approaching baseline for patient 105009. Similar results were obtained for other patients (not shown).
No pharmacologic effects of VX15/2503 administration were observed on the levels of serum VEGF, PLGF, MET, or HGF as their levels were unaffected by dose level or dose number (data not shown). Similarly, an absence of pharmacologic effects was noted for chromogranin A, bone-specific alkaline phosphatase, and urine N-telopeptide assessed for expansion cohort patients with pancreatic neuroendocrine tumors or bone metastases, respectively (not shown). 
Antitumor activity
Patient PFS by cohort and by tumor type is shown in Fig. 3 ; tumor diagnosis and reasons for patient discontinuation are also shown. No complete responses were observed. The median duration of stable disease and the duration of PFS were 7.82 weeks (range, 0.57-54.8 weeks). One of 15 patients treated at 20 mg/kg (papillary thyroid cancer) experienced a partial clinical response of 334 days (47.7 weeks) that continued at study exit (physician decision; study day 337). A hilar lymph node in this subject decreased from 1.5 cm to 0.8 cm, representing a 53.3% reduction. This patient had received eight different prior therapies before entering this study. The longest period between prior treatment regimens was 37 months (between regimens one and two).
Nineteen patients (45.2%) exhibited no evidence of disease progression for at least 8 weeks (Fig. 3 ). Of these, 13 patients (31%) exhibited no evidence of disease progression for between 8 and 16 weeks, and 6 patients (14.3%), 5 of whom were in the !6 mg/kg cohorts, also exhibited no evidence of disease progression for !16 weeks. The longest durations of stable disease were observed for patients with colorectal (9 mg/kg; 48 weeks) and breast cancer (15 mg/kg; 55 weeks). These patients had received, respectively, three and six prior therapies; their respective longest prior periods of stable disease were 37 and 28 months.
Although assessed lymphocyte levels remained generally unchanged from baseline during treatment with VX15/2503, the normalized baseline number of B cells plus T cells for patients in the 9.0 to 20 mg/kg cohorts exhibited a significant correlation (Spearman rank coefficient r s ¼ 0.6133; P 0.001) with their PFS duration (Fig. 4) . Weaker but significant (P 0.03) correlations were observed for baseline values of absolute lymphocytes (r s ¼ 0.4195), T cells (r s ¼ 0.4315), and B cells (r s ¼ 0.4256). Three patients with PFS of 48 to 55 weeks and 4 patients who exhibited the absence of disease progression for at least 16 weeks all had relatively high T-or B cells at baseline (T cells !1,200/mL; B cells !250/mL); these subjects were treated with VX15/2503 doses of 6 mg/kg or higher (1 patient in cohort 1 with SD of >18 weeks exhibited baseline lymphocyte levels below these values).
Discussion
VX15/2503 was well tolerated in advanced solid tumor patients when administered as a weekly i.v. infusion. The highest planned dose of 20 mg/kg was employed and no MTD was determined. No dose-related safety trends regarding adverse event incidence or severity were observed. The most common (>10% incidence) treatment-related adverse events were nausea and fatigue. All treatment-related adverse events were grade 1 or 2 except the sole reported DLT, a grade 3 GGT elevation experienced in a 15 mg/kg cohort patient with progressive liver metastases who had elevated GGT levels at baseline. After further review, the DLT was considered only temporally related with VX15/2503 administration and more likely caused by underlying disease.
Twenty-three of the patients developed anti-VX15/2503 antibody responses, with a response titer >100 detected in 6 patients (14.3%). Two patients [one with a high-titer response (cohort 2) and one with a low-titer response (cohort 5)] developed grade 2 infusion-related reactions that were temporally related with the HAHA response. Only the cohort 2 subject produced a neutralizing infusion reaction, which not only cleared administered antibody from the periphery but also neutralized VX15/2503-mediated effects on cSEMA4D saturation and expression, and reduced sSEMA4D levels. These findings resulted in treatment termination and study discontinuation for this patient.
Pharmacologic effects were similar to those observed in primates treated at similar VX15/2503 dose levels (18) . Lymphocyte levels generally remained unchanged from baseline, regardless of antibody dose level or number. The threshold for cSEMA4D saturation of human T cells was estimated to be approximately 0.3 mg/mL, similar to that determined for primate T cells (0.5 mg/mL; ref. 18) . Furthermore, the expression of cSEMA4D on T lymphocytes declined for all patients during treatment; similar receptor internalization has been reported for CD20 on B lymphocytes (25) . Cellular SEMA4D levels in fresh tumor specimens were not assessed as no patients consented to biopsies.
Levels of total sSEMA4D present in the sera of treated patients increased with dose level and with infusion number (Supplementary Fig. S1 ), consistent with the increased half-life of the VX15/ 2503-sSEMA4D complex versus that of the soluble ligand. Similar results were reported for secreted VEGF (26) . Although sSEMA4D levels declined following treatment cessation, study discontinuation after EOT generally precluded following patients' sSEMA4D levels return to baseline. Data from cohort 1 or 2 patients did show normalization of sSEMA4D levels, however (not shown). Finally, no serum biomarkers were identified as the levels of these proteins remained unchanged with VX15/2503 treatment.
This study was not designed to collect extensive PK data; nonetheless sufficient samples allowing for complete PK analyses were obtained from the first 7 patients (0.3 and 1.0 mg/kg dose cohorts), and PK parameters were estimated for the remaining patients using data derived from the limited samples available. Thus, the effective half-life estimates of 2.7 to 6.9 days for the dose range of 3 to 20 mg/kg VX15/2503 may not reflect the true half-life because these values were determined with samples collected over the more limited time period of 0 to 96 hours. The C max and AUC 0-168 values, determined following multiple weekly doses of VX15/2503, were reliably determined and exhibited a slightly greater than dose proportional increase with increasing dose level. Finally, little or no accumulation occurred after multiple weekly doses of VX15/2503 because of the low accumulation ratio values.
Exploratory evaluations of efficacy included antitumor activity and PFS. Nineteen patients (45.2%) exhibited no evidence of disease progression for at least 8 weeks and 8 (19%) showed a similar absence of disease progression for at least 16 weeks. One patient with papillary thyroid cancer (20 mg/kg cohort) achieved a partial response of 47.7 weeks that was ongoing at study exit. This patient along with the 2 other patients with the longest PFS (48-55 weeks; all in the 9 to 20 mg/kg cohorts) and 4 patients who had stable disease for !16 weeks (all in the 6 mg/kg cohorts and above) all had relatively high T-or B cells at baseline.
The observed strong correlation between the normalized baseline number of B cells plus T cells and PFS for patients in the 9.0 to 20 mg/kg cohorts suggested that these heavily pretreated patients entered the study with a more robust immune potential despite their prior therapy. Nevertheless, this elevated immune potential was not of itself sufficient to inhibit tumor growth as all patients had tumors that were progressing at the time they enrolled in the trial. Tumor stabilization and extended PFS in these patients were only induced following treatment with VX15/2503. This is consistent with preclinical studies in which striking immune-mediated antitumor effects were observed in tumor-bearing mice treated with the murine anti-SEMA4D antibody MAb 67-2 alone or in combination with checkpoint inhibitors (17) . These preclinical studies demonstrated that neutralization by anti-SEMA4D antibody of SEMA4D residing at the tumor margin allowed enhanced trafficking of tumoricidal macrophage and activated CD8 þ lymphocytes into the TME. The neutralization of SEMA4D thus facilitated the infiltration of immune cells into the TME, thereby engendering an effective antitumor response. Although patients in the present study did not volunteer fresh biopsies to permit examination of SEMA4D expression and immune cell distribution in tumor, a recently published report characterized a similar gradient of SEMA4D expression in human colorectal carcinoma (27) . The findings from this first-in-human study support the further investigation of VX15/2503 for the treatment of advanced refractory solid tumors, as it was well tolerated at all doses evaluated, demonstrated expected PD effects, and 45% of patients exhibited the absence of disease progression for at least 8 weeks. Targeting SEMA4D represents a novel therapeutic strategy to promote immune infiltration into tumor that is complementary to the mechanism of actions of other immunomodulatory therapies. Administration of VX15/2503 in combination with immuneenhancing therapies such as checkpoint blockade inhibitors or vaccines that enhance overall immune response but do not affect ability to penetrate tumor may result in increased efficacy. Future studies in selected tumor types will utilize VX15/2503 in combination with other immunomodulatory agents.
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